Introduction
In the past decade antisense oligonucleotides (antisense-ODN) have received considerable attention as novel therapeutic agents for gene disruption technologies. [1] [2] [3] [4] The difficulty in finding an adequate delivery method for genetic material is one of their major drawbacks. [5, 6] In an attempt to overcome these problems, synthetic vectors based on polycations such as cationic liposomes [7, 8] and poly(L-lysine) (PLL) [9, 10] have been developed. These positively charged carriers may electrostatically interact with negatively charged oligonucleotides to form Full Paper: Self-assembling systems based on ionic complexes of DNA fragments (36 base pairs), bcl-2 antisense oligonucleotides (octadecamer), oligophosphates (25 phosphate groups) or acrylic oligomers (18 groups of phosphonic acid) with poly(L-lysine) (PLL) (M w ¼ 130 000 and 88 000) grafted with short poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) chains (M n ¼ 4 300 or 8 600) were studied by static and dynamic light scattering methods as systems suitable for gene therapy applications. The graft copolymers (GPLLs) with shorter PHPMA grafts (M n ¼ 4 300) provide polyelectrolyte complexes (PECs) with smaller M w and R H than the corresponding GPLLs with longer grafts (M n ¼ 8 600) and the same content of PLL. The lowest aggregation number of 2 was observed for PECs prepared from the GPLL with short grafts and 40 wt.-% of PLL. The complexes of oligonucleotides and DNA fragments with GPLLs showed quite similar behavior to that with oligophosphates and acrylic oligomer. The complexes prepared from GPLLs containing 40 wt.-% of PLL and at excess of oligophosphate were stable for at least 48 h under physiological conditions (0.15 M NaCl) and in bovine serum albumin solutions (1 mg Á mL À1 ). Additionally, polyanion exchange reactions of the PECs in contact with poly(styrenesulfonate) and DNA were studied in 0.15 M NaCl solutions. The oligophosphates in complexes were at least partially substituted with highmolecular-weight polyanions. The structure of the initial PECs dominated the PEC structure after the exchange reaction.
The dependence of the molecular weight M w (a) and the hydrodynamic radius R H (b) of complexes of the oligophosphate (OPP) and four graft copolymers (GPLLi, i ¼ 0-3) on the mixing ratio X.
polyelectrolyte complexes (PECs). The complexes provide higher stability to nuclease degradation and improve cell uptake of oligonucleotides in vitro. [11, 12] On the other hand, the complexes are often poorly water-soluble and aggregate particularly under charge neutralization conditions.
To avoid the problem of aggregation and to improve the biocompatibility of PECs, polycationic diblock copolymer carriers composed of cationic and nonionic blocks were introduced. [13] [14] [15] [16] [17] [18] The copolymers and oligonucleotides self-assemble into micelle-like aggregates in which the oligonucleotide chains are incorporated into the polyion core. These complexes are soluble and have a small diameter, low surface charge, and narrow size distribution. They are stable to physiological saline, and incorporated oligonucleotides are protected from enzymatic digestion. However, even the copolymer carriers are not stable enough for prolonged circulation in the bloodstream because they are cleared after 30 minutes. [16] To improve the stability of the carriers astramol poly(propyleneimine) dendrimers of five generations have also been used recently. [19, 20] In our previous paper, [21] a self-assembling system based on ionic complexes of oligonucleotides (36 base pairs) (ODN) and model oligophosphates (OPP) (polymerization degree of 35) with high-molecular-weight poly(L-lysine) (PLL) molecules (M w ¼ 134 000) grafted with short poly-[N-(2-hydroxypropyl)methacrylamide] (PHPMA) chains (M n ¼ 4 300, 60 wt.-% of PHPMA) was introduced. Small complexes with the association number 2 were found. The complexes were soluble at any mixing ratio in aqueous solutions. The complexes prepared with an excess of oligophosphates were found to be stable in the 0.15 M NaCl solution and in the bovine serum albumin (BSA) solution (1 mg Á mL À1 ). For PECs prepared with a polycation excess, the formation of PEC/albumin complexes and large aggregates was observed in a BSA solution (1 mg Á mL À1 ). In this study, the effect of the chemical composition of high-molecular-weight PLL graft copolymers (GPLLs) with short PHPMA grafts on the formation and properties of PECs was investigated to optimize their stability and biocompatibility. Physicochemical properties of these complexes have been examined by static and dynamic light scattering methods. Their stability in 0.15 M NaCl solution and in BSA was tested. Additionally, polyanion exchange reactions were studied under physiological salt conditions.
Experimental Part

Materials
Poly(L-lysine hydrobromide) (M w ¼ 130 000 and 88 000), oligophosphates with 25 phosphate (PP) groups, bovine serum albumin, and calf thymus DNA (DNA) were purchased from Sigma, and sodium poly(styrenesulfonate) (PSS) was purchased from Polymer Standard, Mainz. Graft copolymers of PLL with PHPMA were prepared by reaction of PHPMA grafts terminated with succinimidyloxycarbonyl end groups (PHPMA-COOSu) (the number-average molecular weights, M n ¼ 4 300 or 8 600) with high-molecular-weight PLL (M w ¼ 130 000 or 88 000) in DMSO as described earlier. [21] The content of HPMA in the graft copolymer was obtained by 1 H NMR analysis (see Table 1 ). The molecular weight of the copolymer estimated using 1 H NMR data is also given in Table 1 . The structure of the GPLL copolymers is shown in Figure 1a .
The mass per charge for copolymer GPLL0 was estimated by colloidal titration [22, 23] with poly(styrenesulfonate) of a known charge density as counterpart and Toluidine Blue as indicator, and those for the rest of copolymers (GPLL1-3) were obtained by NMR analysis. The results are given in Table 1 . The 18-mer bcl-2 antisense oligonucleotide (sequence 5 0 TCTCCCAGCGTGCGCCAR 3 0 ) complementary to the first six codon of mRNA of the BCL-2 gene was purchased from Alta Bioscience, University of Birmingham (UK). Oligonucleotides from herring sperm (HS-ODN) were prepared by fractionation of crude oligonucleotides prepared by degradation of deoxyribonucleic acid (DNA) from herring sperm (Sigma D-3159). [21] The molecular weight was determined on the same chromatographic system connected with a multi-angle light scattering detector DAWN-DSP-F (Wyatt Technology Corp., Santa Barbara, USA). Molecular characteristics of HS-ODN are given in Table 1 . The size of oligonucleotides was also estimated by electrophoresis. [21] The results are given in Table 1 . Me-PAMA 18 acrylic oligomer (a gift of Prof. S. P. Armes, University of Sussex) containing 18 groups of phosphonic acid was synthesized using atom transfer radical polymerization at 20 8C. Synthesis of monomers was described elsewhere. [24] The structure of Me-PAMA 18 is shown in Figure 1b .
Preparation of Complexes
For light scattering experiments, the complexes were prepared directly in the scattering cell. A polycationic solution (10 mL) was introduced into the cells. Then a polyanion solution of twofold molar concentration was slowly added (4 mL Á h À1 ) under gentle stirring up to the desired mixing ratio. All solutions were made dust-free by filtration through cellulose acetate membranes of 0.2 or 0.45 mm pore size (Sartorius, Germany).
This mixing procedure was used to obtain complexes of low levels of aggregation. [25, 26] Since low amounts of salt may lower the level of aggregation by two orders of magnitude, [27] the complexes were prepared in the presence of 0.01 M NaCl. Under these conditions, a uniform distribution of the oligophosphates among polycationic chains can be achieved.
Characterization of Complexes
Static Light Scattering (SLS)
Static light scattering measurements were carried out with a Sofica 42000 instrument (Wippler and Scheibling, Strasbourg, France). The Sofica instrument was equipped with an intensitystabilized 1 mW He-Ne-laser (Spectra Physics) as light source and modified for data capture by SLS Systemtechnik Freiburg, Germany. The accuracy of the measurements was better than 1%. The scattering curves were measured after each step of dosage.
The refractive index increments, dn/dc, of the components of the complexes were measured with a Brice-Phoenix differential refractometer at the wavelength 633 nm or they were taken from literature. The dn/dc values used are collected in Table 1 .
Concentrations c PEC and refractive index increments n PEC of the complexes as a function of the molar mixing ratio X (negative to positive charge ratio) were calculated on the basis of the model of complex formation given in our previous paper.
[ 21] The static light scattering data were analyzed by a Zimm plot procedure to obtain the weight-average molar mass of complex particles, M w , and their radius of gyration, R G . The concentration dependence was neglected, which seems to be justified because of the low concentrations of the PEC solutions ($10 À5 g Á mL
À1
). Extrapolation to zero scattering angle was carried out by linear or quadratic fits of the scattering curves. In the case of higher aggregated systems, an improved algorithm of data analysis, based on a fit procedure by theoretical model curves in a scaled representation was used. [28, 29] Dynamic Light Scattering (DLS) Polarized DLS measurements were made in the angular range 30-1358 using a light scattering apparatus equipped with a He-Ne (632.8 nm) or solid-state laser (532 nm) and ALV 5000, multibit, multi-tau autocorrelator, covering approximately 10 decades in delay time t.
The inverse Laplace transform using the REPES [30] method of constrained regularization, which is similar in many respects to the inversion routine CONTIN, [31] was used for analysis of time auto-correlation functions. As a result a scattered light intensity distribution function A(t) of decay times was obtained which can be easily transformed into a distribution function of hydrodynamic sizes. The time auto-correlation functions were also fitted assuming the Pearson distribution of characteristic relaxation times. [30] The average hydrodynamic radius, R H , was calculated from the diffusion coefficient, D, using the Stokes-Einstein equation. The experimental error of R H determination for the complexes was typically about 3%.
Ultracentrifugation
To check the rate of the exchange reaction of OPP for polyanions, a preparative ultracentrifuge Optima L 70 (Beckman, USA) was used. The complex solutions after exchange reaction were centrifuged for 2 h at a rotation velocity of 50 000 rpm for PSS and 30 000 rpm for DNA.
UV Spectroscopy
UV measurements were performed on a UV spectrophotometer Lambda 2 (Perkin Elmer, USA). For estimations of the exchange rates of OPP for PSS and DNA, the absorption peaks at 225 nm for PSS and at 260 nm for DNA were used.
Results and Discussion
As already mentioned, the formation of polyelectrolyte complexes is very sensitive to the presence of salt. [23] The level of aggregation was drastically decreased in solutions with small amounts of salt. The lower level of aggregation is caused by the screening effect of the salt, which results in higher chain flexibility and supports the rearrangement process making the conformational adaptation of chains easier. On the other hand, higher ionic strength results in macroscopic flocculation. In accord with our previous study, [21] the PECs were prepared under standard conditions in NaCl solutions of an ionic strength of 1 Â 10 À2 mol Á L À1 , where a significantly lower level of aggregation was observed.
Effect of Graft Copolymer Chemical Structure on PEC Formation
The development of PEC parameters (M w and R H ) as a function of the molar mixing ratio X is shown for four different GPLLs and oligophosphate (OPP) in Figure 2a and 2b. The quality of SLS measurements is demonstrated in Figure 2c , where the Zimm plot of GPLL1/OPP complexes is shown for a variety of mixing ratios X. The M w values increase with increasing X from values close to those of the GPLLs at low values of X to a maximum values at X % 1.1 (Figure 2a) . No flocculation was observed at the 1:1 mixing ratio. While an increase in M w is only small for complexes prepared from GPLLs with 40 wt.-% of PLL, a more pronounced increase in M w due to enhanced aggregation was observed for PECs prepared from GPLLs containing 60 wt.-% of PLL in the vicinity of X ¼ 1.1. The copolymers with short PHPMA grafts (M n ¼ 4 300) provide PECs with lower M w than those with longer grafts (M n ¼ 8 600) and the same PLL content. The number of grafts per PLL chain, which is approximately twice as high for GPLLs with short PNPMA grafts, is responsible for a lower aggregation level of corresponding PECs. From M w of the complexes, their aggregation number, N aggr ¼ M w (cluster)/M s w can be estimated, for which M s w is the molecular weight of single (unimolecular) GPLL complexes. [21] Assuming full charge compensation of GPLL molecules by OPP at the M w maximum (X % 1.1), M s w and N aggr values were calculated using data from Table 1 and Figure 2a ( Table 2 ). The lowest aggregation number of 2 was observed for GPLL0/OPP complexes, which means that single GPLL complexes are predominating in this solution. The number of OPP molecules per PEC, N OPP , estimated using M w data from Table 1 and 2 are also given in Table 2 . As a minimum, 22 OPP molecules could be realized in the PEC formed with graft copolymers used.
Since the size of polyelectrolyte complexes is, at least for complexes formed with graft copolymer GPLL0, too small for reliable determination of the radii of gyration by static light scattering, the hydrodynamic radius R H of the complexes was also estimated by DLS for all the GPLL/ OPP systems. The results are given in Figure 2b . R H decreases with increasing X up to X ¼ 1.1, and then a small increase at X > 1 (probably due to a small additional swelling) is observed in all cases. Copolymer GPLL0 (40 wt.-% of PLL, M n (PHPMA) ¼ 4 300) forms the smallest PECs. Since R H of PECs at X ! 1 are smaller than 50 nm in all cases, the PECs fulfil the necessary condition for transport into cells by endocytosis. To characterize the complex density, the mean weight fractions, r H , of polymers in the PEC particle (structural density of PEC) were calculated from the hydrodynamic volume of particles V H (in cm 3 ) and from their corresponding molecular weight
. The results are shown in Figure 3 . r H increases approaching X % 1 and is more or less saturated for X > 1 values. The r H development is similar in all GPLL/OPP systems. The values of r H % 0.1 at X > 1 are comparable with those found for micelles in organic solvents. [32] Since the most promising results were obtained with complexes of copolymer GPLL0, this copolymer was used for further detailed investigation. We have found that PEC parameters are independent of the copolymer concentration in the range 2.5 Â 10 À4 -1 Â 10 À3 M (Figure 4 ). Complexes formed between OPP or HS-ODN or 18-mer bcl-2 antisense oligonucleotides or Me-PAMA 18 and GPLL0 showed similar M w -X dependences. Thus, oligophosphates and ME-PAMA a oligomers can be used as model oligoanions for physicochemical investigations instead of much more expensive oligonucleotides. In particular, the more bulky chains of Me-PAMA oligomers are appropriate to simulate oligonucleotides.
The above experimental results clearly show that the graft copolymers are suitable for the preparation of stable complexes. Hydrophilic nonionic grafts (e.g., PHPMA) lower the aggregation tendencies of the charge-neutralized (c) Zimm plot of scattering curves of the complexes GPLL1/OPP in relation to the mixing ratio X (top X ¼ 0, bottom X ¼ 1.4). Figure 3 . Mean weight fraction, r H , of polymers in the PEC particle (polymer density) plotted as a function of the mixing ratio X for complexes GPLLi/OPP; the concentration of the starting polycation solutions was 1 Â 10
hydrophobic PLL-oligoanion core and protect PECs against spontaneous aggregation. The PEC parameters can be varied in a wide range of values by the chemical composition of graft copolymers. Consequently, the loading of oligonucleotides per PEC may be controlled in such a way.
Stability of PECs
Time Stability of PECs with GPLL
For all GPLLi/OPP complexes only negligible changes of M w were observed over 4 days, thus proving their long-term stability.
Salt Stability of the Complexes
The time stability of complexes after addition of NaCl to their solutions was examined by changes in particle mass and size. Complexes were prepared at X ¼ 1.25 or 0.75 in 0.01 M NaCl, and then the concentration of NaCl was adjusted to 0.15 M. Complexes prepared from copolymers containing 40 wt.-% of PLL (GPLL0 and GPLL2) at X ¼ 1.25 were found to be stable for at least 24 h (see Figure 5a ). Less stable complexes were prepared from GPLLs containing 60 wt.-% of PLL (GPLL1 and GPLL3). An increase in M w of about 50% was observed in both the cases (see Figure 5a ). Also R G and R H of PECs increased with time (Figure 5b ). For PECs prepared from GPLL3, R H was 48.2 nm in 0.01 M NaCl and 62.9 nm after 24 h incubation in 0.15 M NaCl.
In the case of PECs prepared from copolymers with 40 wt.-% of PLL (GPLL0 and GPLL2) at X ¼ 0.75, M w changes after NaCl addition were again negligible. A weak aggregation was observed for PECs formed from copolymers with 60 wt.-% of PLL (GPLL1 and GPLL3). Thus, the best salt stability was found for complexes prepared from GPLLs having 40 wt.-% of PLL.
Interaction of Complexes with Albumin
Static and dynamic light scattering techniques were also used for investigation of BSA interaction with PECs. This interaction was examined with negatively charged PECs prepared by a standard procedure at X ¼ 1.25 in excess of OPP and with positively charged PECs prepared at X ¼ 0.75 in excess of copolymers. Then albumin was added to PEC solutions to adjust their concentration to 1 mg Á mL À1 . Since the concentration of complexes (g Á mL À1 ) in solution after addition of albumin is not exactly known, the apparent molecular weight of the complexes was calculated assuming that adsorption of BSA on the complexes is low. M w was evaluated from the total scattering intensity of the solution by subtracting the scattered intensity of BSA. The complexes prepared at X ¼ 1.25 from GPLLs containing 40 wt.-% of PLL (GPLL0 and GPLL2) revealed only negligible interaction with BSA after 24 h. M w of complexes formed from copolymers containing 60 wt.-% of PLL (GPLL1 and GPLL3) increases with time to be saturated after 400 min. The results are shown in Figure 6 .
R H distributions of GPLL1/OPP complexes obtained before and after BSA addition are shown in Figure 7 . The R H distribution of BSA is given for comparison. The shift of the R H distribution to higher values of R H after saturation with BSA is due to adsorption of BSA on the PEC surface. The average value of R H increased from 46.1 to 54.8 nm. The shift by 9 nm corresponds to the diameter of BSA molecules. The number of BSA molecules adsorbed per PEC can be estimated from M w changes (see Appendix A1); the value of 41 was found for PECs prepared from GPLL1. In the case of GPLL3/OPP complexes, R H increased from 62.5 before BSA addition to 67.4 after saturation with BSA. The number of BSA molecules adsorbed per PEC was 38. The increase in R H of 4.9 nm is smaller than in the case of GPLL1/OPP complexes. This is probably due to the 2.5 times lower surface number density of BSA in the particular case and/or to a more effective hydrodynamic screening of adsorbed BSA molecules by longer PHPMA grafts of the GPLL3 copolymer.
A pronounced initial increase in M w of PECs was observed after BSA addition for complexes prepared at X ¼ 0.75. [21] M w further increased with time to be saturated after 300 min. We assume that this increase is provoked mostly by intensive adsorption of BSA molecules on positively charged PECs. The formation of such large particles was also observed in a system of DNA/polycationic copolymers after albumin addition. [33] The PEC/ BSA complexes further aggregated with time. The pronounced adsorption of BSA on PECs is due to an attractive electrostatic interaction between positively charged PECs prepared with an excess of GPLLs and negatively charged BSA molecules at pH % 7 (the isoelectric point of BSA [34] is ca. 5). The negative charge of complexes prepared at X ¼ 1.25 can explain their relative high resistance to BSA adsorption due to a repulsive interaction between PEC and BSA. Since addition of 0.15 M NaCl partly destroyed PEC/BSA aggregates, [21] the opposite order of mixing was also investigated. Therefore, first NaCl (up to 0.15 M) and then after 5 minutes BSA (up to 1 mg Á mL À1 ) were added under vigorous stirring to solution of PECs prepared at X ¼ 0.75 in 0.01 M NaCl. In agreement with previous results [21] the formation of PEC/BSA complexes and aggregates was suppressed, and no effect of albumin was observed for all the GPLLi/OPP complexes.
Polyanion Exchange Reactions
The possibility of exchange reactions of oligonucleotides for high-molecular-weight polyanions is an important problem with two different aspects: (i) the undesirable displacement of oligonucleotides from the delivery system by contact with polyanions in the bloodstream; (ii) their intended release after transfection into the cells by, for example, DNA and RNA. We restricted the studies to systems in 0.15 M NaCl solutions, corresponding to physiological salt conditions. As a model for oligonucleotides an oligophosphate of 75 monomer units was used, because the sample OPP 25 was consumed, and a new sample was of insufficient quality. PECs with all the four cationic copolymers were prepared directly in 0.15 N NaCl solutions up to X ¼ 1.2, and then a polyanion solution (NaPSS or DNA) was slowly (4 mL Á h À1 ) added stepwise. To check, whether an exchange reaction took place, the remaining content of the polyanions in the supernatants of the systems with the 1:1 mixing ratio of polyanionic groups (without OPP) to cationic groups was determined after one day by preparative centrifugation and UV spectroscopy. One day is a sufficiently long period for saturation of exchange reactions. Different centrifugation conditions were chosen for the systems with NaPSS (2 h at 50 000 rpm) and DNA (30 000 rpm) because of different molecular weights of the samples. Under these conditions 80% of the free polyanions remained in the supernatants. Selected results are given in Figure 8 . Since the bound polyanions should be removed together with the PEC, the exchange rate can be calculated from the amount of free polyanions in the centrifuged systems. Figure 8 shows that with NaPSS the exchange is more or less complete. In contrast, DNA displaced the OPP only by about 50% for the PECs with GPLL1 and GPLL3 and even less for those with GPLL0 and GPLL2. This result can be explained by the different nature of the anionic groups. The calculated exchange ratios f exch are collected in Table 3 . The remarkably lower values for the systems with GPLL0 and GPLL2 for both polyanions may be caused by the lower aggregation level of the PECs, allowing complex particles to partly remain after centrifugation in supernatants. Centrifugation at higher rpm led to incipient separation of the free polyanions. For NaPSS data evaluation of the light scattering experiments, we used the calculated concentration and refractive index increment at X ¼ 1 using the formula given in Appendix A2. In the case of DNA, quantitative interpretation of the SLS data is very complicated, because the PECs exist together with free DNA of comparable molar weight. Therefore, the results of these studies will be discussed only qualitatively.
All PEC solutions were characterized by static light scattering. The course of PEC formation between the polycations and OPP 75 in 0.15 M NaCl is quite similar to that with OPP 25 in 0.01 M NaCl solutions (Figure 9 ), but a significantly higher level of aggregation is reached for GPLL1 and GPLL3 at higher mixing ratios.
The change in particle mass during the exchange reaction with NaPSS is depicted in Figure 10 . The particle mass increased remarkably with rising mixing ratio. The aggregation levels during the polyanion exchange strongly reflect the initial states. Most likely, the preformed GPLL/ OPP complexes predetermine also the aggregation level of the complex particles after the exchange. Direct preparation of PECs of NaPSS and the polycations would result in a much higher aggregated system. These findings offer a new route for preparation of polyanion/polycation complexes of a very low level of aggregation, even with the components that form normally PECs on a colloidal level. In the case of exchange reactions with DNA, the scattering curves did not change significantly. Most likely, the complexes of DNA exist as single DNA complexes. Recently, exchange reactions of synthetic linear DNA polymers with DNA plasmids (or vice versa) were studied by gel electrophoresis with similar results. [35] Both the observations confirm the hypothesis of Kabanov [13] that this exchange mechanism Figure 8 . The absorption spectra of supernatants after the exchange reaction with PSS (a) and calf thymus DNA (b) polyanions and after ultracentrifugation of the solutions: (1) GPLL1/OPP complexes, (2) GPLL0/OPP complexes, (3) free polyanions. The absorption peaks of PSS at 225 nm and DNA at 260 nm were used for the evaluation of the data.
could be responsible for the release of nucleotides from intermolecular complexes inside cells.
Conclusion
Self-assembly of high-molecular-weight PLL molecules grafted with short PHPMA chains with oligonucleotides or model oligophosphates was investigated by static and dynamic light scattering methods. The stability of the complexes in 0.15 M NaCl and their interaction with bovine serum albumin and polyanions were tested. The most important results can be summarized as follows. The complexes prepared by slow addition of OPP to GPLLi solutions passed through the 1:1 mixing region without flocculation. The complexes showed long-term stability for all the copolymers used. The copolymers with short PHPMA grafts (M n ¼ 4 300) provide PECs with lower M w and R H than the corresponding GPLLs with longer grafts (M n ¼ 8 600) and the same weight content of PLL. The lowest aggregation number of two was observed for PECs of GPLL0. The complexes prepared with oligonucleotides and DNA fragments showed quite similar particle behavior to that with oligophosphates and Me-PAMA 18 oligomers.
Oligophosphates and Me-PAMA n oligomers can be used as model molecules for physicochemical investigations of PECs instead of more expensive oligonucleotides. The best stability in 0.15 M NaCl was found for complexes prepared from GPLLs containing 40 wt.-% of PLL. An M w increase of 50% was observed after 24 h incubation in 0.15 M NaCl for PECs prepared from GPLLs containing 60 wt.-% of PLL.
Negatively charged PECs prepared at X ¼ 1.25 with excess of OPP (X ¼ 1.25) interact with BSA molecules less than positively charged PECs prepared at X ¼ 0.75 in an excess of copolymers. The complexes prepared at X ¼ 1.25 from GPLLs containing 40 wt.-% of PLL again demonstrate only negligible interaction with BSA. A pronounced increase in the M w of PECs was observed with positively charged complexes prepared at X ¼ 0.75. The formation of PEC/BSA complexes and large aggregates was observed. The presence of 0.15 M NaCl in solution suppressed interaction of BSA with the complexes and prevented the formation of large PEC/BSA complexes.
Since the required half-life in the blood stream for in vivo application is several hours, [36] the observed stability of the complexes demonstrate the possibility of development of delivery vectors based on PECs of this type for an antisense-ODN strategy.
In the presence of polyanions, exchange reactions took place under physiological conditions. Complete exchange of OPP with polyanion was found for NaPSS, while DNA partly displaced the oligophosphate. Therefore, the lifetime of the complexes may also be limited by reaction with polyanions in the bloodstream. Otherwise, the exchange mechanism can involve the release of oligonucleotides in the cells by interaction with DNA. Interestingly, the aggregation level of the PECs after exchange is predetermined by the structure of initial PECs, offering a new way to prepare PECs with a low level of aggregation.
